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SUMMARY

Dopamine produces a time- and dose-dependent increase in
cell death in a clonal catecholaminergic cell line (CATH.a) de-
rived from the central nervous system. Cell death also occurred
after treatment with the catecholamines L-dihydroxyphenylala-
nine, norepinephrine, epinephrine, and isoproterenol, as well as
the neurotoxic compound 6-hydroxydopamine. Cell death is
not receptor mediated because selective noradrenergic and
dopaminergic receptor agonists had no effect on CATH.a cell
viability. Dopamine induces apoptotic cell death as indicated by
DNA fragmentation measured by gel electrophoresis and by

flow cytometric analysis. Apoptosis seems to be produced by
dopamine autoxidation, because intracellular peroxides in-
crease after dopamine treatment and cell death can be inhib-
ited by catalase and N-acetylcysteine. N-acetylcysteine pro-
duced a dose-dependent decrease in dopamine-induced cell
death; this correlated with a decrease in peroxide formation. In
addition, antisense to the antioxidant protein bcl-2 increases
the sensitivity of CATH.a cells to dopamine-induced cell death.
These findings indicate that the oxidative products of dopamine
cause neurotoxicity through apoptosis.

Two general mechanisms for cell death are known: necrosis
and apoptosis. Necrosis is characterized by mitochondrial
swelling and the immediate loss of the plasma membrane
integrity leading to cell lysis and an inflammatory response.
In contrast, apoptosis is characterized by cell shrinkage,
chromatin condensation, systematic DNA cleavage, and
phagocytosis of the cell before the integrity of the plasma
membrane is lost. Apoptosis is crucial for organogenesis in
the developing central nervous system, in which up to 50% of
the neurons undergo apoptosis (1). Apoptosis also may occur
in the adult rat brain after ischemia (2), seizures (3), adre-
nalectomy (4), or autoimmune encephalomyelitis (5). It also
has been proposed that apoptosis may be a mechanism by
which neurons die in some human neurodegenerative dis-
eases (6). The primary cause of one such neurodegenerative
disorder, Parkinson’s disease, is unknown; however, it is
characterized by a selective loss of midbrain dopamine neu-
rons. These neurons are highly sensitive to increases in free
radical formation, an event associated with apoptosis (7-9).
One source of free radical formation in the Parkinsonian
brain may be the autoxidation and metabolism of dopamine
(7). Data from rats given the neurotoxins 6-OHDA and meth-
amphetamine suggest that in vivo free radical formation
within a dopamine neuron may lead to its death (10-12). In
primary cultures of catecholamine neurons isolated from the

central nervous system dopamine, its precursor L-dihydroxy-
phenylalanine, norepinephrine, epinephrine, and isoprotere-
nol have been shown to be neurotoxic (13-15). The catechol-
amine neurons (tyrosine hydroxylase positive) showed
greater sensitivity to the neurotoxic effects of catecholamines
than other neurons (neuron-specific enolase positive) or glia
cells (glial fibrillary acidic protein-positive) in these primary
cultures (13). Unfortunately, catecholamine-containing cells
comprise only a small percentage of these primary cultures,
which makes it difficult to explore the cellular mechanisms
for cell death.

To more systematically examine the mechanism of dopa-
mine neurotoxicity, we used a clonal cell line (CATH.a) de-
veloped by Suri et al. (16). CATH.a cells were derived from a
brain tumor of transgenic mice carrying the simian virus 40
T antigen oncogene under the transcriptional control of the
rat tyrosine hydroxylase gene. CATH.a cells contain the cat-
echolamine biosynthetic enzymes tyrosine hydroxylase and
dopamine-B-hydroxylase in a ratio of 7:1 and produce both
dopamine and norepinephrine in a ratio of 5:1. In our labo-
ratory, CATH.a cells accumulate [*H]-dopamine in a temper-
ature-dependent manner (1.3 pmol/min/mg of protein)
through a mechanism that is sensitive to the dopamine up-
take blockers GBR 12909 (maximal inhibition, 76%) and
cocaine (maximal inhibition, 52%). CATH.a cells also stain

ABBREVIATIONS: 6-OHDA, 6-hydroxydopamine; PBS, phosphate-buffered saline; MAO, monoamine oxidase; DCDHF-DA, 5-(and 6-)carboxy-

2',7'-dichlorodihydrofluorescein diacetate, bis(acetoxymethyl) ester.
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for the neuronal proteins neurofilament and synaptophysin,
suggesting that they contain small storage vesicles, but they
do not stain for the astrocyte marker glial fibrillary acidic
protein (16).

Materials and Methods

Drugs and chemicals. Dopamine, 6-OHDA, L-dihydroxypheny-
lalanine, norepinephrine, epinephrine, isoproterenol, methamphet-
amine, cocaine, pargyline, glutamate, N-methyl-D-aspartate, nico-
tine, dibutyryl cAMP, forskolin, N-acetylcysteine, actinomycin D,
and cycloheximide were purchased from Sigma Chemical (St. Louis,
MO). Quinpirole, phenylephrine, clonidine, albuterol, CGP-12177,
SKF 38393, 6-chloro-2-amino-4-phosphonobutanoic acid, SCH
23390, SKF 83566, sulpiride, dantrolene, w-conotoxin, nifedipine,
and BAY K8644 were purchased from Research Biochemicals Inter-
national (Natick, MA). Catalase was purchased from Boehringer
Mannheim (Indianapolis, IN). All other chemicals used were Amer-
ican Chemical Society analytical grade.

Tissue culture and treatments. CATH.a cells were obtained
from Dr. Chikaraishi (Duke University, Durham, NC). The cells
were grown in Roswell Park Memorial Institute 1640 culture me-
dium, supplemented with 4% fetal bovine serum (Hyclone Lab, Lo-
gan, UT), 8% horse serum (GIBCO/BRL, Gaithersburg, MD), and 2
mM L-glutamine (GIBCOBRL) in 80-mm? culture flasks at 37° in a
humidified atmosphere of 5% CO, and 95% air. Cells were plated for
experiments on polystyrene tissue culture dishes and allowed to
attach for 24 hr. Cells were then treated with fresh media containing
several concentrations of compounds for 448 hr.

Cell death assay. Cells were plated on polystyrene six-well
plates at a density of approximately 600,000—1,000,000 cells per
well. After a 24-hr attachment period, fresh media (37°, 5% CO,)
were added with or without treatments. At various times after the
treatments, propidium iodide (500 ng, DNA QC Kit; Becton Dickin-
son, San Jose, CA) was added to the media (final concentration, 1 um)
and the cells were kept for 40 min in a CO, incubator (37°, 5% CO,).
Cells in the media and on the plates were removed, pelleted, and
resuspended in 0.5 ml of Dulbecco’s PBS without calcium chloride
and magnesium chloride (Sigma), kept at 4°, protected from light,
and assayed within 1 hr. From each sample, 10,000 cells were ana-
lyzed with a FACScan flow cytometer (Becton Dickinson) with the
FL-3 detector in log. Data were analyzed with LYSYS II software
(Hewlett Packard, Palo Alto, CA). Cell death is presented as the
percentage of cells that took up propidium iodide.

Gel analysis of DNA fragmentation. CATH.a cells were un-
treated or treated with 500 uM dopamine for 24 hr. Ten million to 20
million cells were pelleted and resuspended in lysis buffer (10 mm
Tris'HC), pH 7.5, 40 mM EDTA, 0.5% Triton X-100) and incubated at
room temperature for 15 min, at 50° for 60 min with 50 ug/ml RNase A
(Boehringer Mannheim), and at 50° for 60 min with 0.5 mg/ml of
proteinase K (Oncor, Gaithersburg, MD). The digested samples were
extracted once with an equal volume of saturated phenol and twice with
chloroform, and DNA in the supernatant was precipitated at —20°
overnight after the addition of 3.0 M sodium acetate/75% ethanol. DNA
was pelleted by microcentrifugation, dried, and resuspended in distilled
water. Aliquots (12 ug) of DNA were electrophoresed in a 1.5% agarose
gel containing 0.5 mg/ml ethidium bromide in Tris/borate/EDTA buffer
(89 mM Tris/borate, 2 mmM EDTA, pH 8.3). DNA fragments were visu-
alized by UV transillumination. DNA molecular weight reference prep-
arations (123 base-pair stepladder; Sigma) were run in parallel to
estimate the size of the DNA fragments.

FACScan analysis of DNA fragmentation. Cells were untreated
or treated with dopamine (500 uM) for 24 hr. The cells were permeab-
ilized and DNA was subjected to an in situ tailing reaction in which
residues of digoxigenin nucleotides were added catalytically to the DNA
by terminal deoxynucleotidyl transferase. Fluoresceinated antidigoxi-
genin antibody was used to detect the labeled DNA. These procedures

were performed using the ApopTag In Situ Apoptosis Detection Kit
(Oncor, Gaithersburg, MD). Ten thousand cells were analyzed using a
FACScan flow cytometer and the data were analyzed with LYSYS II
software. Gates were set to quantify the number of cells undergoing
DNA fragmentation as described in Fig. 4.

Assay of intracellular peroxides. Cells (1-5 X 10%) were un-
treated or treated with dopamine (500 uM) and were loaded with 5
uM DCDHF-DA (Molecular Probes, Eugene, OR) for 1 hr in a CO,
incubator (37°, 5% CO,) before each assay. In some experiments, 10
ug/ml catalase was added 2 hr before the addition of dopamine. Cells
in the media and on the plates were pelleted, washed with PBS, and
resuspended in PBS for analysis. Ten thousand cells per sample were
analyzed using a FACScan flow cytometer and data were analyzed
using LYSYS II software.

bel-2 antisense experiments. bcl-2 antisense (5'-TCT-CCC-
GGC-TTG-CGC-CAT-3') and sense (5'-ATG-GCG-CAA-GCC-GGG-
AGA-3') phosphorothioate oligodeoxynucleotides were made by
Quality Controlled Biochemicals (Hopkinton, MA). Oligonucleotides
were mixed with the transfection reagent N-[1-(2,3-dioleoyloxy)pro-
pyll-N, N, N,-trimethylammonium methylsulfate (Boehringer Mann-
heim) according to the manufacturer’s directions immediately before
addition to the cell cultures. CATH.a cells were plated at a density of
0.5 X 107 cells per 35-mm dish (day 0), and 24 hr later, the media
were changed and 10 uM antisense or sense oligonucleotides were
added on days 1, 2, and 3. Twenty-four hours after the last addition
on day 4, the media were changed and 3 hr later dopamine was
added. Approximately 20 hr later, cell death was determined.

Results

Catecholamines produce cell death in a cat-
echolaminergic cell line. Incubation of the CATH.a cells
with dopamine (250 uM) produced a time-dependent cell
death with 20% and 75% cell death at 4 and 48 hr, respec-
tively. Concentrations of dopamine from 50 uMm to 500 um
produced a dose-dependent cell death in the CATH.a cells
(Fig. 1). 6-OHDA (100 pM) produced cell death equivalent to
the highest doses of dopamine (250 uMm and 500 uM). Cell
death was not selective for dopamine because the cat-
echolamines L-dihydroxyphenylalanine, norepinephrine, epi-
nephrine, and isoproterenol produced similar cell death in
the CATH.a cells (Fig. 2). The possibility that catechol-in-
duced cell death of CATH.a cells was receptor mediated was
evaluated by testing a number of catecholamine receptor
agonists (Table 1). The selective catecholamine receptor ago-
nists for dopamine D, and D, receptors and «,-adrenergic
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Fig. 1. Effects of dopamine on cell death in CATH.a cells. Cells were
untreated or treated with dopamine (10-500 um) or 6-OHDA (100 um)
for 24 hr. Percentage of dead cells was determined by flow cytometric
analysis of propidium iodine uptake as described in Materials and
Methods. The results are mean * standard error from 5 to 15 experi-
ments.
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Fig. 2. Effects of catecholamines on cell death in clonal catecholamin-
ergic (CATH.a) cells. Cells were untreated (C, control) or treated with
500 um 6-OHDA, dopamine (DA), L-dihydroxyphenylalanine (L-DOPA),
norepinephrine (NE), epinephrine (EPI), and Isoproterenol (ISO) for
24 hr. Percentage of dead cells was determined by flow cytometric
analysis of propidium iodine uptake as described in Materials and
Methods. The results are means *+ standard error from four to eight
experiments.

TABLE 1

Effects of noncatechol compounds on cell death in CATH.a cells

Cells were treated with the various compounds for 24 hr and cell death was
determined as described in Materials and Methods. Concentrations were 500 uM
unless otherwise listed.

Treatment Percentage of

Cell Death
Control 9+2
SKF 38393 (DA, agonist) (25 uM) 15+3
6-Chloro-2-amino-4-phosphobutanoic acid 12+3

(DA, agonist) (25 uM)

Quinpirole (DA, agonist) 13+3
Phenylephrine (a, agonist) 8+2
Clonidine (a, agonist) 10+2
Albuterol (B; agonist) 23 + 12
CGP-12177 (B, agonist) 22 + 3°
Methamphetamine 23 + 47
Cocaine 36 = 4°
Glutamate (1 mM) 12+6
N-methyl-p-aspartate 8+2
BAY K 8644 (Ca®>* 1, 10 uM) 36 + 4%
Nicotine 7*2
H,0, 76 = 3°
Serum-free media 73 + 3

2 Significantly different from control, p < 0.05 using the Student t test.

and a,-adrenergic receptors had no effect on cell death. The
B,-adrenergic and B,-adrenergic receptor agonists produced
a slight increase in cell death. A number of other compounds
were also tested that have been shown to be neurotoxic to
various neuronal cell types in vitro and/or in vivo (Table 1).
Exposure of the CATH.a cells to H,O, or serum-free media
produced cell death comparable with the catecholamines.
Two drugs that are often abused, cocaine and methamphet-
amine, which affect the release and/or uptake of cat-
echolamines, also produced a moderate increase in cell death.
Receptor-mediated drugs that increase sodium and calcium
in neurons had no effects on cell death (nicotine, glutamate,
and N-methyl-p-aspartate), whereas BAY K 8644, a non—
receptor-mediated calcium channel agonist, produced 36%
cell death. A number of compounds were evaluated for their
ability to prevent dopamine-induced cell death (Table 2).
Compounds that had no effect on dopamine-induced cell
death include pargyline, an MAO inhibitor; SCH 23390, SCH
83566, and sulpiride, dopamine receptor antagonists; nifedi-
pine, w-conotoxin, and dantrolene, compounds that decrease

Dopamine Induces Apoptotic Cell Death 1311

TABLE 2
Compounds that did not inhibit dopamine-induced cell death in

CATH.a cells

Compounds were added to the media 2 hr before the addition of dopamine
(250 uM). Cell death was determined 24 hr later as described in Materials and
Methods.

Compound Dose Mechanism
Pargyline 100 uM MAO |
SCH 23390 10 uM D, receptor |
SCH 83566 10 uM D, receptor |
Sulpiride 10 uM D, receptor |
Nifedipine 10 uM L-type Ca?* channel |
w-conotoxin 0.5 uM N-tzpe Ca?* channel |
Dantrolene 50 uM Ca®* intracellular |
Actinomycin D 2 uM RNA synthesis |
Cycloheximide 10 pg/ml Protein synthesis |
Forskolin 20 uM CAMP 1
D-cAMP 2mM cAMP 1
=
- =
O (@)
o
= )
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Fig. 3. Effects of dopamine on DNA fragmentation. CATH.a cells were
untreated or treated with 500 um dopamine for 24 hr. DNA was isolated
from the cells and 12 ug of protein was run on a 1.5% agarose gel as
described in Materials and Methods. The standard lane consists of a
123 base-pair DNA stepladder. Data shown are from a representative
study repeated five times with comparable results.

intracellular calcium; actinomycin D, an inhibitor of RNA
synthesis; cycloheximide, an inhibitor of protein synthesis;
forskolin and dibutyryl cAMP, compounds that enhance
cAMP actions in cells and have been shown to protect cul-
tures of sympathetic neurons, hypothalamic neurons, and
cerebellar granule neurons from cell death (17-19).
Dopamine produces apoptosis in CATH.a cells. After
incubation of CATH.a cells with 500 uM dopamine for 24 hr,
gel analysis showed DNA fragmentation that was indicative
of apoptosis (Fig. 3). Fig. 4 (right) shows DNA staining with
propidium iodide in untreated and dopamine-treated cells.
The G,/G, and G,/M peaks represent intact DNA in the cell

2102 ‘T Jaqwiadaq uo Ausianiun Buellayz 1e Bio'sjeuinofadse wreydjow woly papeojumod


http://molpharm.aspetjournals.org/

PHARM

aspet

1312 Masserano et al.
90
100
B 50
w F
o
O - °
£
=1 I
c 100
= L Control 15%
O Dopamine 60%
®)
50
0

10° 10' 102  10° 10
Fluorescence

cycle and the lower molecular weight fragments to the left of
the G,/G, peak represent potential apoptotic DNA. Clarifica-
tion and quantification of this apoptotic DNA were deter-
mined by flow cytometric analysis of DNA strand breaks
measured after an in situ tailing reaction. A measurement of
apoptotic cells using this technique is shown in Fig. 4 (left). In
this sample, approximately 15% of the control cells and 60%
of the dopamine-treated cells show labeling of the frag-
mented DNA. Using this analysis, there was a dose-depen-
dent increase in apoptotic cells after treatment with dopa-
mine (Fig. 6).

Dopamine increases peroxide formation. The possibil-
ity that cell death in the CATH.a cells was produced by free
radical formation was evaluated by measuring intracellular
peroxide formation. Fig. 6 illustrates a dose-dependent in-
crease in peroxide formation in the CATH.a cells with in-
creasing concentrations of dopamine (50-500 um). 6-OHDA
(100 uM) produced changes similar to 250 uM and 500 uMm
dopamine. The addition of catalase (10 ug/ml of media), an
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Fig. 5. The percentage of CATH.a cells showing apoptosis. Cells were
untreated or treated with dopamine (10-500 um) or 6-OHDA (100 um)
for 24 hr. Calculations of apoptotic cells were made using flow cyto-
metric analysis as described in Materials and Methods and illustrated in
Fig. 4. The results are means * standard error from four experiments.
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ated from each sample. Percentage
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Fig. 6. Effects of dopamine on peroxide formation in CATH.a cells.
Cells were untreated or treated with dopamine (10-500 uM) or 6-OHDA
(100 um) for 24 hr. Catalase (10 ug/ml) was added 2 hr before dopamine
(500 um). DCDHF-DA was added to the media 1 hr before processing
of the cells for flow cytometric analysis. The results are means *
standard error of three experiments.

enzyme that promotes the breakdown of H,0, to H,O and O,,
inhibited dopamine-induced peroxide formation (Fig. 6) and
cell death (Fig. 7). The addition of the antioxidant N-acetyl-
cysteine (1 mMm) to the media 2 hr before dopamine also
inhibited dopamine-induced cell death in the CATH.a cells.
N-acetylcysteine (100—-1250 uM) produced a dose-dependent
protection from dopamine-induced cell death in the CATH.a
cells; this correlated with a decrease in dopamine-induced
peroxide formation (Fig. 8). IC4, values for N-acetylcysteine
were 276 uM for inhibition of peroxide formation and 367 um
for inhibition of cell death. N-acetylcysteine alone in concen-
trations up to 1250 uM had no effect on cell viability (percent-
age of dead cells, 10.9 * 0.6) and no effect on peroxide
formation (percentage of cells showing DCDHF-DA fluores-
cence, 9.8 = 0.8).

Antisense oligonucleotide to bcl-2 increases the sen-
sitivity of CATH.a cells to dopamine. bcl-2 protein has
been shown to have a protective effect on cell death produced
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Fig. 7. Effects of catalase and N-acetylcysteine on dopamine-induced
cell death in CATH.a cells. Cells were treated with catalase (10 ug/mi
media) or N-acetylcysteine (1 mm) and 2 hr later, dopamine (DA, 500
uM) was added. Twenty-four hours later, the percentage of dead cells
was determined using flow cytometric analysis as described in Mate-
rials and Methods. The results are means + standard error of six to
eight experiments.
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Fig. 8. Effects of N-acetylcysteine on dopamine-induced cell death
and peroxide formation. N-acetylcysteine (100-1250 um) was added to
the media 2 hr before the addition of dopamine (250 um). Twenty-four
hours later, the cells were processed for analysis of cell death or
peroxide formation as described in Materials and Methods. N-acetyl-
cysteine alone in concentrations up to 1250 um had no effect on cell
viability or peroxide formation. The results are means * standard error
of four to six experiments.

by H;0O, in a number of neuronal systems (20, 21). Western
analysis indicated that CATH.a cells contain basal levels of
the bcl-2 protein. Incubation of CATH.a cells with antisense
to bcl-2 for 3 days enhanced base-line cell death and dopa-
mine (50-250 uM) induced cell death (Fig. 9). At the time of
assay, antisense to bcl-2 lowered bcl-2 levels by 40% as mea-
sured by Western analysis. Incubation with the sense oligo-
nucleotide to bcl-2 had no effect on dopamine-induced cell
death (data not shown).

Dopamine Induces Apoptotic Cell Death 1313
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Fig. 9. Effects of bcl-2 antisense oligonucleotides on dopamine-in-
duced cell death in CATH.a cells. Cells were untreated or treated with
Bcl-2 antisense oligonucleotide every 24 hr for 3 days. Media was
changed and dopamine was added. Twenty hours later, the percentage
of dead cells was determined using flow cytometric analysis as de-
scribed in Materials and Methods. The results are means * standard
error of three experiments.

Discussion

Dopamine produces cell death in the CATH.a cells at con-
centrations ranging from 50 to 500 uM. Whether this occurs
in the intact animal is critical. Catecholamine content in
dopamine cell bodies is estimated to be approximately 0.1-
1.0 mM (22); however, most of these catecholamines are pro-
tected by sequestration in vesicles (23). The quantity of cat-
echolamines in the synapse necessary to produce a
physiological response [low micromolar (24)] is unlikely to
cause neurotoxicity. Nevertheless, certain pathological con-
ditions, such as ischemia and hypoxia, have been shown to
increase dopamine release (700-1100%) in the striatum of
animals, which leads to synaptic concentrations of cat-
echolamines that could be potentially damaging to the brain
(25, 26). A number of studies suggest that autoxidation of
catecholamines does occur in the brain (27). The most appar-
ent evidence for this autoxidation is that melanin, a byprod-
uct of autoxidized catecholamines, accumulates with age in a
number of catecholamine cell-body regions, including the
substantia nigra, ventral tegmental area, and locus ceruleus.
Dopamine can be metabolized by either autoxidation to the
dopamine orthoquinone-generating H,0,, O,~, and OH: or
through enzymatic metabolism by MAO, which also can gen-
erate H,O,. Autoxidation of dopamine seems to be responsi-
ble for the neurotoxicity in the CATH.a cells because the
catecholamine isoproterenol, which is not a substrate for
MAQO, produces similar toxicity in these cells (62% death at
500 uM) (Fig. 2) and pargyline (100 uM), an inhibitor of MAO,
had no effect on dopamine-induced cell death. The direct
addition of H,O, to the culture media also produced cell
death and apoptosis in the CATH.a cells (Table 1). Similar
apoptotic cell death induced by H,0, has been shown to occur
in a number of tumor cell lines (28) and primary cultures of
rat cortex (29). In the CATH.a cells, dopamine increased
intracellular peroxides and cell death was inhibited by the
addition of catalase or N-acetylcysteine to the media. Cata-
lase and N-acetylcysteine also decreased intracellular perox-
ide formation produced by dopamine. Other possible expla-
nations for cell death, such as an increase in intracellular
calcium or synthesis of a “cell death” protein, were excluded
because drugs that affect cellular calcium levels [nifedipine
(10 uM), w-conotoxin (0.5 uM), dantrolene (50 uM)], inhibition
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of RNA synthesis by actinomycin D (2 pg/ml), or protein
synthesis by cycloheximide (10 ug/ml) had no effect on do-
pamine-induced cell death. In addition, dopamine-induced
cell death was not receptor-mediated because it could not be
prevented by prior incubation of the cells with D, dopamine
receptor (SCH23390, SKF83566) or D, dopamine receptor
(sulpiride) antagonists. Therefore, we conclude that dopa-
mine produces apoptotic cell death in the CATH.a catechol-
amine neurons by the formation of intracellular peroxides.
The brain contains enzymes that protect catecholamine neu-
rons from damage produced by autoxidation, including su-
peroxide dismutase, glutathione peroxidase, and catalase. In
disease states, however, it can be hypothesized that abnor-
mal activity of these protective enzymes may lead to en-
hanced oxidative stress on the neurons. This may be the case
in Parkinson’s disease, in which postmortem studies indicate
that catalase and glutathione peroxidase, as well as levels of
the substrate glutathione, are decreased in the substantia
nigra, which suggests that the substantia nigra neurons of
such individuals may be more susceptible to oxidative stress
(30, 31). The possibility that oxidative stress in the Parkin-
sonian brain could lead to the observed cell death through an
apoptotic mechanism has not been evaluated; however, apo-
ptotic cells have been identified in postmortem hippocampus
obtained from patients with Alzheimer’s disease, which sug-
gests that this may be a mechanism for neurodegenerative
cell death (6).

Recently, the bcl-2 protein has been found in neurons in
the adult brain and has been hypothesized to play a role as
an antidote to programmed death in these long-lived cells
(32, 33). bel-2 is believed to function in an antioxidant path-
way to prevent apoptosis (20, 21). Several studies find that
cells that do not normally express bcl-2 can be protected from
apoptosis when the bcl-2 protein is overexpressed in the cells
in culture (20, 34, 35). bcl-2 is also protective in vivo against
cell death produced by experimental ischemia and motoneu-
ron axotomy in transgenic mice overexpressing the protein
(36, 37). In addition, inhibition of bcl-2 synthesis using anti-
sense oligonucleotides results in an increase in apoptosis
and/or an increase susceptibility of cells to stimuli that pro-
duce cell death (38, 39). Similarly, the present study found a
potentiation of basal and dopamine-induced cell death in the
CATH.a cells after treatment with antisense to bcl-2. Efforts
to define regulators of bcl-2 in the CATH.a cells may provide
information on deterring neurodegenerative cell loss.

The interrelationships among our findings of dopamine-
induced apoptosis, the increase in peroxide formation, and
bel-2 levels require further investigation to ascertain more
definitively the functional significance of these changes in
neurodegenerative diseases.
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